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EXECUTIVE SUMMARY
The Department of Energy has announced that the United States will pursue a dual-track approach to the disposition of plutonium arising from the dismantling of nuclear weapons. The dual-track disposition approach involves both immobilization and reactor-based mixed oxide (MOX) fuel technologies. The use of the MOX fuel option requires the assessment of the potential impact of gallium (on the order of 10 ppm), not present in conventional MOX fuel, on cladding material performance.
This paper identifies and examines issues concerning the incorporation of gallium in weapons-derived plutonium in light water reactor (LWR) MOX fuels. Particular attention is given to the more likely effects of the gallium on the behavior of the cladding material. The chemistry of weapons-grade (WG) MOX, including possible consequences of gallium within plutonium agglomerates, was assessed. Based on the calculated oxidation potentials of MOX fuel, the effect that gallium may have on reactions involving fission products and possible impact on cladding performance were postulated. Gallium transport mechanisms are discussed.
With an understanding of oxidation potentials and assumptions of mechanisms for gallium transport, possible effects of gallium on corrosion of cladding were evaluated. Potential and unresolved issues and suggested research and development (R&D) required to provide missing information are presented.
This analysis concludes that without control of the stoichiometry of the MOX fuel it is possible for the gallium to be present as either elemental gallium or gallium sesquioxide (Ga,O,) in the as-fabricated fuel. To keep gallium as a metal oxide in the as-fabricated fuel, the fuel oxygen-to-metal ratio ( O M ) should be at least equal to 2. During burnup, in an isolated plutonia aggregate the fission products molybdenum, technetium, cadmium, tin, antimony, tellurium, and some ruthenium are computed to be present as oxides.
At temperatures approaching >1200 K, the vapor pressure of gaseous gallium oxide (Ga,O) will be of the order of lo4 to lo5 Pa. Within the fuel rod, the oxide species may vaporize in significant quantities in the hotter regions and transport to the cooler clad surfaces, where it would condense. Should this mode of mass transfer be particularly effective, reduction of the Ga,O, by the zirconium in the clad could have detrimental effects on clad performance.
However, significant burnup could serve to reduce this mode of mass transport.
General corrosion of the cladding with gallium or gallium oxide is not a concern.
General corrosion is mass limited, and the mass of gallium present in the fuel volume is low relative to the clad volume. However, localized corrosion (grain boundary penetration) and vi liquid-metal embrittlement by gallium are possible compatibility issues that need further investigation. The possibility that gallium will influence water (aqueous) corrosion is considered remote.
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I. INTRODUCTION
The Department of Energy announced in January 1997 that the United States will pursue a dual-track surplus plutonium disposition approach in which both immobilization and reactorbased mixed oxide (MOX) fuel technologies will be employed.
Currently, more than a dozen commercial light-water reactors (LWRs) in Europe use recycled plutonium in MOX fuel assemblies. More than 300,000 LWR MOX fuel rods have been irradiated during the past decade. The performance of this commercial LWR MOX fuel has proven to be satisfactory. However, the U.S. weapons-grade (WG) plutonium differs from the commercial recycled reactor-grade plutonium used in Europe in that the WG plutonium contains small quantities (up to 1 mass %) of gallium, an active material that readily reacts with most metallic materials. Processes used in the fabrication of the MOX fuel could reduce the gallium content to -10 ppm.
The fission product yield of gallium is exceedingly small, therefore, it is present in irradiated LWR uranium dioxide (UO,) and commercial MOX fuels at concentrations several orders of magnitude lower than the anticipated levels in MOX fuel containing WG plutonium.
Thus, there is no commercial experience with LWR MOX fuels containing gallium at concentrations similar to those expected to result from the use of WG plutonium.
This report identifies and evaluates issues relating to gallium in LWR MOX fuels, particularly as to possible impacts on cladding materials. Because the form of gallium in the fuel could be of importance to its transport and corrosivity, the chemistry of gallium in MOX fuel is the first issue that is considered. The most likely forms of gallium in freshly fabricated WG MOX fuel are identified, and the effects of in-reactor irradiation and thermochemical environments on the physical and chemical forms of gallium are discussed. Likewise, it is important to know whether gallium, in whatever form, can be transported from its location in MOX to the cladding interface such that corrosion reactions are possible. Therefore, potential mechanisms for gallium transport in the fuel pellet are discussed next. Known and postulated cladding mechanisms are then reviewed, and the potential effect of gallium on cladding performance is presented. Finally, potential unresolved issues are presented, and the type of research and development (R&D) required to provide missing information is suggested.
This assessment is based on data and information available in early 1997 and will be updated as new information evolves from ongoing R&D programs at Los Alamos National Laboratory (LANL) and Oak Ridge National Laboratory.
2. GALLIUM IN WG MOX FUEL
AS-FABRICATED WG MOX FUEL
Little to no information has been published or is otherwise available for MOX fuel that contains gallium in quantities expected from manufacture using WG plutonium. Therefore, no comparative information for gallium-containing MOX vs conventional MOX is available. This lack of information, especially for newly fabricated fuels, results in the need for confirmation of the inferences at many of the boundary conditions assumed in this report. At the 1% gallium level in plutonium, a typical MOX fuel assembly would contain 210 g of gallium. This compares with 5 g of gallium in a fuel assembly that contains 10 ppm gallium (reduction occurs during fabrication), or I O mg of gallium because of fission product yield when no initial gallium is present in an assembly.'
CHEMISTRY
The chemistry of gallium in MOX fuel may be influenced by its distribution. This section considers two possibilities: (1) a second phase agglomerate of plutonium dioxide (PuO,) containing Ga, and (2) Ga uniformly distributed either as an individual phase or in a solution of (U,PU)O*.
Agglomerates
Depending on the MOX fuel preparation process, the plutonium (and gallium) may be present as second-phase agglomerates within the larger volume of UO,. The implications of this assumption are considered in this section.
.I Oxidation potential
It is important to know the state of the gallium (elemental or oxide) that may be present with plutonium as PuO,. base of the "HSC Chemistry for Windows" software distributed by Outokumpu Research of Finland,' which indicates the phase Ga,O as having a melting point of 925 K. These thermochemical data are in general agreement with a heat of reaction determined by Klemm and Sch~iick.~ Given the paucity of thermodynamic information about the suboxide phase, it has not been included in the following thermodynamic analysis, but it should be considered when more information is developed. However, the suboxide will form at lower oxygen activity than does Ga20,; therefore, neglecting its presence should be a conservative assumption. Depending on the oxygen potential,' gallium is assumed to be present as the metal or the sesquioxide, Ga203.
The thermodynamic data of Barin4 contain the unique set of oxygen potentialtemperature values at which both the metal and oxide coexist and which serve as the boundary separating the formation of the stable oxide from elemental gallium. These values are plotted in Fig. 1 and are indicated by the line labeled Ga-Ga203. The chemical potential of oxygen increases with increasing temperature indicating that the oxide becomes less stable. At the intersection points of Ga-Ga,03 line with the lines determined by oxygen potential-temperature values for the coexistence of other metal-oxide phases, a temperature is indicated for equal stability of Ga203 and the other oxide. Where the Ga-Ga,O, line is below that of the other oxide (Le., more negative), Ga203 is more stable. However, where the Ga-Ga,03 line is above that of the other oxide (i.e., less negative), elemental gallium can exist.
The oxygen potential (stability) of the PuO, phase can be compared to that of the gallium/gallium oxide (Ga-Ga,O,) boundary. Plutonium dioxide has a wide homogeneity range, with oxygen potential values measured for values of x in PuO,, as large as 0.3676.' Thus, the dioxide phase can be substantially substoichiometric with resultant oxygen potentials significantly lower than that of nominal PuOz. A representation of the chemical thermodynamic behavior of PuO, by Besmann and LindemeP can be used to determine the oxygen potential as a function of composition and temperature. The oxygen potential for stoichiometric PuO,, however, is not uniquely definable because in accordance with the phase rule, this invariant To assess the state of gallium in an "agglomerate" of PuO,, it is assumed that the phase can be approximated by the behavior of PuO,,-,~-,~, which is the highest oxygen content composition for which oxygen potential data have been measured.6 The temperature-oxygen potential relationship for PuO,' is given in Fig.] based on the model of Besmann and Lindemer.6 At higher temperatures (>900 K), the PuO, line in the figure lies at oxygen potentials more positive than those for the Ga-Ga,O, equilibrium, indicating that gallium will be present as the oxide with PuO,. Below -900 K, the opposite prevails, and it is thus possible to have elemental gallium (in solution) in equilibrium with PuO,. (For comparison purposes, the fuel axial centerline temperature for an average rod ranges from 1173 to 1473 K, and the clad interface temperature ranges from 623 to 673 K.) Thus, a very important conclusion>om this analysis is, where the local oxygen potential is governed exclusively by the plutonium dioxide phase which is only slightly substoichiometric, elemental gallium can be present at relatively low temperatures.
During burnup, oxygen is released in proportion to the fuel O M , so that for every actinide atom fissioned, O M oxygen atoms are released. Because PuO, is already in its highest oxidation state and cannot accommodate more oxygen, the fission products alone must react with the oxygen released to form oxide phases that tie up the oxygen. The free energy of the reaction to form these oxides governs the priority of the fission products which form oxides. The Ellingham diagram of Kleykamp' indicates the oxygen potential boundaries for the formation of simple oxide fission product phases. Utilizing that information, supplemented by the thermochemical data from Barin: it is possible to determine the oxidation state of the fission products at a specific burnup.
A set of burnup calculations for 5% plutonium MOX fuel were performed to determine the fuel composition after 52.5 MWdkg (-5%) burnup (upper end of the range of worldwide burnup experience), with the resultant fission product concentrations shown in Tables 1 and 2 . It was also assumed that the entire initial concentration of 1% gallium in the original plutonium alloy was carried over to the fuel. 
is present as the oxide, whereas Table 2 The last two columns in Tables 1 and 2 were developed assuming the fuel contains isolated aggregate grains of plutonia in which all the gallium resides, with the fission products bred solely into the plutonia accommodating the fission-released oxygen. In the case where gallium is present as the oxide in as-fabricated fuel (Table l) , gallium is expected to remain as the oxide during burn-up. A number of the metallic fission products will form oxides, either in solution with the fuel or as independent phases, as indicated in Table 1 .
The oxide phases that will form are seen to be somewhat different from those observed in typical LWR fuel.' LWR fbel will have metallic precipitates containing molybdenum, technetium, cadmium, tin, antimony, and tellurium; however, under the assumption that in the MOX fuel the plutonia remains as an isolated aggregate, these metals are present as oxides. The oxygen balance also indicates a portion of the ruthenium will exist as oxide [Le., the Oh4 ratios in Tables 1 and 2 are a fraction of the value of 2 for ruthenium dioxide (RuO,)]. The presence of these fission products as oxides instead of metallic precipitates should not have a negative effect on fuel behavior unless they form precipitates whose volume increase causes mechanical deformation.
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However, if gallium is elemental in the unirradiated fuel, it will form an oxide phase with fissioned-released oxygen. As shown in Table 2 , gallium present at the 1 mass % level has little effect on the oxidation state of the fission products.
Bulk Fuel Chemistry
In this section we assume that the MOX fuel exists as a true solid solution of 5% plutonia (with gallium) in urania, and we can consider the phase as Uo,95Puo,0502~x.
Oxide formation
Besmann and Lindemer; as an extension of the work on PuO,.,, have developed a chemical thermodynamic representation of the fluorite structure MOX. The equations detailing the representation are complex and are not included in this report, but can be found in ref.
6.
Utilizing these relationships, the temperature-oxygen potential relationship for Uo,95Puo,0502~x can be determined and the expressions for the nominal production stoichiometries of Uo,95Puo,0502, Uo,9sPuo,0502,~2, and U0,95P~0,050~,995 are plotted in Fig. 1 . The slopes of the lines are significantly different from those for PuO,. For comparison purposes, the line for stoichiometric UO, is also
shown. The Ga-Ga,O, equilibrium exists at a more positive oxygen potential above -1260 K for Uo.95Puo.0502. This implies that should the Uo,95Puo~050, phase determine the oxygen potential, Ga,O, can only be reduced to the metal in regions of the fuel above -1260 K. However, should the oxygen potential be determined by Uo,95Puo,0501~w5, elemental gallium would be the stable phase over the entire temperature range. Finally, hyperstoichiometric Uo~95Puo,0502~oo2 would allow gallium to remain an oxide over the entire temperature range.
Again, for the homogeneous fuel, during burnup most of the metallic fission products can form oxide phases. In addition, unlike pure plutonia, the fuel can accommodate more oxygen in its fluorite structure. As a result, the oxygen balances in Tables 1 and 2 for homogeneous fuel were computed to leave a small fraction of oxygen that can combine with the fuel, thereby increasing the hyperstoichiometry of the fuel. The chemical state of the fission products are essentially the same as for typical LWR fuel.
Thus, for two scenarios, [gallium with PuO,, (below 900 K) and Uo~95Puo,0502.x (for the entire temperature range shown in Fig. l) ] substoichiometric dioxide phases can lead to the presence of gallium metal in the fuel. To minimize any differences between conventional MOX and gallium-containing MOX, it is necessary to ensure that the gallium is oxidized, thus allowing for the oxidation of most metallic fission products. This can be achieved by ensuring that the initial gallium is fully oxidized and that the initial O/M ratio of the MOX is at least 2.
Reactions with Fission Products
Ga,O, reacts with rare earth oxides to form two types of compounds: LnGaO, and 3Ln203*5Ga,0,, where Ln is a rare earth element.' In addition to these rare earth oxide-Ga,O, Although elemental gallium reacts with iodine to form gallium iodide (GaI,), this reaction will not occur in the presence of fission products La, Ba, or Cs or Zr from the cladding.
Furthermore, Ga,O, will not be converted to the iodide by reaction with iodine.
Accordingly, the most probable reactions of fission products with gallium will lead to the formation of mixed oxides with rare earths, alkaline earths, or alkali metals. These reactions would reduce the chemical activity of the gallium (increased gallium thermodynamic stability) compared to its initial activity in the absence of fission products; however, the melting points of the fission product compounds could be decreased and the volatility increased compared to Ga,O, (increased tendency for gallium transport).
GALLIUM TRANSPORT MECHANISMS WITHIN FUEL
Given that gallium is present in the fuel, before it can react with the cladding, it must be able to collect at the fuel-cladding interface. Two possible transport mechanisms, gas phase and solid-state diffusion, are discussed in this section.
Gas Phase Transport
Possible mechanisms for gas phase transport are simple vaporization and condensation and chemical vapor (coupled) transport. Near the oxygen potentials for MOX fuel, as shown in Fig. 1 , the dominant gaseous species will be Ga,O. The only other gaseous species are elemental gallium and GaO, with only the gallium vapor pressure exceeding that of Ga,O at oxygen potentials well below those of the Ga-Ga,O equilibrium. The Ga,O vapor pressures in the presence of Ga,O, are governed by the reaction:
Using the thermochemical data of At lower oxygen potentials, where elemental gallium is the stable condensed phase as opposed to the oxide, the vapor pressure of Ga20 is determined from:
Using the data of Table 3 , the oxygen potential can be expressed as:
RTlnp;2 = -242142 -84.984T + RTlnpGa2, .
At temperatures >1200 K, the vapor pressure of gaseous Ga20 will be of the order of lo4 to 1 O5 Pa. In a temperature gradient within the fuel pin, the oxide species may largely vaporize in the hotter regions causing transport of the gallium oxide to the cooler clad surfaces where it will condense. The above vapor pressures presume that the condensed gallium species are present as separate phases within the fuel, yet no reason exists why gallium, regardless of its oxidation state, could not be dissolved in the fluorite structure of the fuel. I n that case, the equilibrium behavior of the gallium would be modified by its solution in the fuel and be governed by its activity in the solution. I n the absence of data with regard to the activity of gallium in either plutonia or urania-plutonia, the best assumption, as demonstrated by LANL,' is to presume that no energetic interactions exists between the species and that the system acts as an ideal solid solution. That being the case, the activity of the dissolved gallium species would simply be in direct proportion to its concentration. As a result, the vapor pressure of Ga,O, or any other gallium species such as those described by the previously noted expressions and shown in Fig. 1 , would be reduced by a factor equal to the molar concentration of the dissolved gallium species:
where [Ga/Ga,O,] is the molar concentration of either elemental gallium or Ga20, in the MOX fuel. This reduction would be significant because of the low concentration of gallium present. With no other gallium-containing, relatively high vapor pressure species with which Ga20 can form a vapor transport couple, deposition of metallic gallium on the clad via such a process is not possible. As noted earlier, this does not preclude simple vaporization of Ga20 with subsequent condensation on the clad. Such gas-phase diffusion and deposition, however,
would not be limited to the gallium system, but is possible for other, similarly behaving, fission product elements.
Solid-state Transport
In addition to any gas phase transport of gallium species to the fuel-clad interface, there are potential mechanisms by which gallium transport could occur in the solid state. These include the following:
volume diffusion of gallium driven by gradients in gallium concentration (flux from high to low concentrations); enhanced concentration gradient driven volume diffusion where the flux of gallium is accelerated through grain boundaries, dislocations, etc.;
volume diffusion of gallium driven by a temperature gradient (thermal diffusion) with the possibility that the gallium flux may be either up or down the temperature gradient;
concentration gradient driven surface diffusion of gallium on either internal or external surfaces (e.g. cracks in the mixed oxide fuel); thermal surface diffusion of gallium from hot to cold regions; and irradiation-driven diffusion of gallium.
At the present time no information exists on which of these diffusion mechanisms may be effective in moving gallium to the fuel-clad interface during operation of the MOX fuel.
Thermodynamically, it is expected that gallium will be present (based on expected fuel fabrication conditions) initially as Ga,O,, and that this oxide should become increasingly stable as burnup progresses (see Sect.
2.2.1).
It can be postulated that the volume diffusion of gallium in this chemical form could be relatively slow. However, if it is present as elemental gallium, transport is expected to be faster than if it is present as an oxide. Also, difisive mass transport rates and dominant mechanisms should be expected to change continuously as burnup progresses and the original structure and nature of the MOX fuel is changed and degraded. For example, cracking of the fuel pellets will occur as a result of thermal cycling, and this would tend to increase the importance of surface diffusion internal to the fuel pellets as a gallium transport mechanism. Such cracking could also provide an avenue for gas phase transport.
As indicated in Sect. 2.2.1, the gallium may likely be concentrated in the PuO,
agglomerates. This will provide local concentration gradients favoring movement of the gallium into the U02 matrix. Because no significant overall concentration gradient of gallium relative to the bulk fuel pellet is expected, there should be little driving force for transport of gallium to the fuel-clad interface as a result of concentration-dependent diffusion mechanisms. Also, early in the life of the MOX fuel when plutonium agglomerate fissions predominate, locally higher temperatures will likely occur in the agglomerates. This would provide local temperature gradients to further disperse gallium into the matrix but only if the thermal diffusion characteristic of the gallium diffusing species in MOX fuel is a flux fiom high to low temperatures. There is a larger potential for thermal diffusion, both volume and surface, as a 13 result of the very large radial temperature gradients in the MOX fuel pellets. (Axial gradients will also exist but will be much less severe.) Although any thermal surface diffusion that occurs will be from high to low temperatures (toward the fuel-clad interface), the direction of the gallium flux in the bulk material is not currently known.
I n summary, neither the dominant mechanisms by which gallium might be transported in the MOX fuel matrix in the solid state nor the rates for such transfer mechanisms are known. This is further complicated by the physical and chemical changes expected in the fuel as burnup progresses. Therefore, it is impossible at present to predict whether gallium will be transported to the fuel-clad interface as a result of solid-state transport mechanisms.
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CLAD PERFORMANCE AND DEGRADATION MECHANISMS
INTRODUCTION
This section discusses any likely impacts of gallium on the known corrosion mechanisms of Zircaloy with water and MOX fuel, respectively, and if these additional potential mechanisms need to be evaluated. Within the limitation of the available data, consideration is given to other types of corrosion/cracking mechanisms that could be introduced by the presence of gallium.
As a result of their overall favorable nuclear, mechanical, and corrosion properties, zirconium alloys (Le., Zircaloy and Zr-Nb) are used as fuel cladding in water-cooled reactors.
Alloying elements include Sn, Fe, Cry and Nb, and extensive work has been done to determine how these alloying additions affect corrosion. With the exception of tin, these alloying elements have very low solubilities in zirconium and form second-phase particles if slowly cooled from the beta phase or if annealed in the alpha phase after rapid cooling from the beta phase.
The amount of alloying element in the matrix and second-phase particles, and the particle size distribution determine resistance to both uniform and localized accelerated (nodular) corrosion in water, the effect depending on concentration and morphology. Corrosion studies have generally focused on uniform corrosion of Zircaloy-4 in PWRs and on nodular formation on Zircaloy-2 in boiling water reactors (BWRs). Other important aspects of water-side corrosion include stress corrosion cracking (SCC) of stainless steel components (e.g., recirculation-line cracking in BWRs), hydriding, and transport of radioactivity (radiation transport) to the heat exchangers.
Compatibility of Zircaloy cladding with UO, and MOX fuels has been examined both inand out-of-pile. Under conditions of high burnup (both simulated and in-reactor), brittle failure of the cladding has been observed in the form of through-wall cracks that initiate at the inside tube surface. A pellet-clad interaction (PCI) mechanism has been described that involves local deformation and certain embrittling fission products. Studies have indicated that gaseous iodine or cadmium-containing environments play a critical role in PCI failures. Inner surface liners of zirconium have been effective in mitigating this type of failure in BWRs, and minimization of the stress and heating rate have been effective in PWRs.
Because the development of through-wall cracks in the cladding is of critical concern in assessing fuel-clad performance, several forms of corrosion that can produce cracking in metals must be considered relative to possible impacts of gallium. Four of the principal mechanisms that can lead to environmentally induced cracking are see, hydrogen embrittlement (HE), liquid metal embrittlement (LME), and solid metal induced embrittlement (SMIE).
Gas-phase embrittlement mechanisms are not listed separately from hydrogen embrittlement, but gaseous elements can produce similar effects as well. All of the cited forms of einbrittlement require the presence of a tensile stress in the material but, in general, there are many differences in the circumstances under which they occur.
In aqueous environments, susceptible metals can undergo time-dependent subcritical crack propagation, called SCC. Some confusion exists, however, because the term SCC has come to be used generically to describe any form of environmentally inducedktress-assisted cracking.
Cracking, blistering, hydride formation, and loss in tensile ductility are all forms of hydrogen damage or hydrogen embrittlement. Mechanisms that are of particular interest in the present evaluation are hydrogen trapping (Le., bonding of hydrogen to impurities or defects);
hydride formation (Le., formation of a brittle phase that cracks easily); decohesion (i.e., lowering of the cohesive force between metal atoms); enhanced plastic flow (Le., atomic hydrogen enhanced dislocation motion); and internal pressure-induced cracking (i.e., accumulation of hydrogen at voids or grain boundaries causing high internal pressures that grow cracks). LME is thought to result from the chemisorption-induced reduction in strength of atomic bonding in the solid material in regions of stress concentrations. This type of embrittlement is different from corrosion embrittlement that can occur from intergranular penetration in the absence of stress. With LME, grain boundary penetration before the initiation of cracking does not appear to occur; however, several prerequisites are generally applicable:
tensile stress, Other observations relative to LME have been that only certain (but unpredictable) combinations of materials are susceptible; LME is unlikely when high mutual solubility exists between solid and liquid metals; LME is unlikely when the liquid and solid metal form a high melting intermetallic compound; LME is more severe near the melting temperature of the liquid metal and usually decreases with increasing temperature; and a rapid change from no embrittlement to embrittlement can occur if the tensile strength of the alloy increases, such as is likely during irradiation.
SMIE generally has similar prerequisites as LME. However, incubation periods are much longer, indicating that the crack initiation process is different. Overall rates are also much slower.
FUEL-SIDE CORROSION
Fuel-side corrosion refers to the corrosion that may occur on the fuel-side of the cladding.
EnvironmentlBurnup
The effect of gallium on fuel-side corrosion will depend on several factors (discussed previously) that are influenced both by fuel fabrication processing and chemical and physical The products accruing from gallium transmutation (principally germanium) will be at such low concentrations in the fuel that they should not contribute to the normal degradation of cladding by fission products.
In Sect. 2.1, two levels of concentration of gallium were mentioned: 1% in the plutonium used to make MOX fuel and 10 ppm in processed fuel. At the 1% level, the gallium could influence overall chemistry of the fuel during its life whereas at 10 ppm, it seems unlikely to do 
.3). The one class of fission product interaction with
Zircaloy cladding which gallium could enhance involves elements that potentially can cause LME. Based on laboratory tests, cadmium (in oxide fuel) has been shown to induce Zircaloy cracking, and the mechanism has been attributed to LME. Accordingly, it is possible that any LME effects related to the fission product cadmium could be magnified when gallium is also present (Le., a synergism may exist between the LME effects of cadmium and gallium, as discussed in the next section).
Transport of gallium (Section 2.3) in the system depends upon a number of factors, most of which cannot be quantified at this time. However, the corrosion mechanisms that are discussed below generally presume some method for gallium transport.
Material Variables
Because the solubilities of gallium in zirconium and zirconium in gallium at temperatures of interest are relatively low: any interalloying of gallium with the Zircaloy cladding should lead to the formation of intermetallic compounds, which are characteristically brittle. However, given the small amount of gallium in the fuel compared to the surface area and volume of cladding, such interalloying (corrosion) would be superficial, and apart from the possibility of grain boundary embrittlement discussed in Sect. 3.2.4, is not expected to affect the metallurgical integrity of the cladding. Gallium does form a low-melting eutectic system with tin, a minor alloying addition to Zircaloy. However, considering that tin is present as a dilute solid solute in a zirconium solvent, it is unlikely that tin-gallium eutectic will form by the diffusion of trace quantities of gallium into the cladding. While the collection of liquid gallium on the cladding surface could in principle dissolve tin from the alloy, the mass of gallium is likely too small for this effect to impact the chemistry or metallurgy of the cladding.
Pellet Clad Interaction
Pellet One potentially serious effect of gallium on pellet-clad interaction relates to LME and is discussed in the following section.
Mechanisms of Gallium Embrittlement
Zircaloy is known to be embrittled by the presence of certain low melting heavy metals, mercury being a notable example. The effect is associated with the phenomenon termed LME (See Sect. 3.1). By this mechanism, relatively low concentrations of a liquid metal can lead to decohesion of the host metal, especially along grain boundaries, which in turn could lead to stress-assisted cracking.
It has been demonstrated experimentally that gallium can cause embrittlement of structural alloys at temperatures in the range of operating LWRS. The best known examples relate to aluminum alloys, which fail catastrophically under low stresses in the presence of gallium. Experiments relative to embrittlement of zirconium alloys by gallium have been inconclusive with respect to L W R service. Grubb et a1.I' performed constant extension rate tests of Zircaloy-2. At a temperature of 573 K (300°C) and constant extension rate of 0.85 pmIs (0.002 inhiin), it was found that Zircaloy-2 was not embrittled when high purity gallium was added to cesium. Under these same conditions, the fission products strontium, yttrium, cadmium, as well as iodine in cesium, were found to embrittle Zircaloy-2. Recently, Cox et all4, using compact tension specimens, found that tests of Zr-2.5% Nb with liquid Ga at 303 K (30°C)
did not show transgranular cracking, but did show rather limited intergranular cracking. The cracking was considered to be limited by the poor wetting of zirconium by gallium.
To induce embrittlement of the Zircaloy cladding, gallium would need to be present in the form of reduced metal and in intimate contact with the metallic Zircaloy substrate. This would require transport of gallium from the fuel pellet, where it is expected to be Ga203, to the Zircaloy cladding. Potential mechanisms for such transport, although not readily predictable, were outlined in Sect.
2.3.2.
A further requirement would be a break in the protective oxide (ZrO,) overlaying the Zircaloy cladding (or zirconium liner, if one is present). Conditions at this point would be conducive to the formation of metallic gallium by reaction with zirconium (See Fig. 1 .) , such as
Although the bulk concentration of gallium in the fuel is relatively low, if the above conditions were met, even small amounts of gallium could potentially be damaging because the reduction of gallium would be localized at a crack tip, where a reactive zirconium metal surface is being created continuously to drive these reactions.
Cadmium, present as a fission product in LWR fuel, has been shown experimentally to reduce the ductility of Zircaloy. Because cadmium is a relatively low melting [594 K (321 "C)]
metal, its effect on Zircaloy is symptomatic of LME. The possibility of a synergism between the known effect of cadmium and the added presence of gallium will need to be examined.
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WATERSIDE CORROSION
Waterside corrosion refers to processes by which primary reactor vessel components react with cooling water. Components include fuel rods as well as stainless steel piping, the pressure vessel, and hard facings on pumps and valves. Many of these processes have been studied for more than thirty years and are well do~umented.'~ Uniform corrosion (oxidation), nodular corrosion (accelerated corrosion), SCC, radiation transport, and crud-induced localized corrosion are examples of the types of corrosion that have been investigated. This section will address the likely effects of gallium in MOX fuel on these mechanisms and the possibility that it would introduce different mechanisms.
In general, the parameters that affect the waterside corrosion performance of Zircaloy include materials characteristics (e.g., composition, microstructure), coolant conditions (temperature, pH, chemistry, particulates) and thermal hydraulic duty (power rating). If gallium enters the cladding, it could affect the material characteristics. Because gallium is initially present in the MOX fuel and not the clad, it starts out being isolated fiom the regions where corrosion reactions occur. Therefore, as has been previously stated, it must first penetrate the clad and be transported to the waterside-clad interface before it can participate. With a barrier liner for PCI protection, it would first have to penetrate the liner as well. Based on the relatively low diffusion rate of gallium, a substitutional element, at s300°C, atomic transport through the Zircaloy clad is not expected to be a viable transport mechanism. Rather, transport of gallium to the waterside would require some form of breach (a breached fuel pin would be detected and removed) to give water access to the clad-fuel annulus.
Uniform corrosion (oxidation) and hydriding depend upon the stability of the oxide film that forms on the outside surface of the clad that is in contact with water. The very high thermodynamic stability of ZrO, suggests that gallium would not impact the scale. Cationd with an ionic radius much different from Zr+" could produce lattice strains sufficient to crack the protective oxide; however, Ga+3 is approximately 0.8 times that of Zr+" and so would not be expected to be highly detrimental even if it were somehow incorporated into the oxide.
Nodular corrosion is more difficult to assess. The process by which this type of accelerated corrosion occurs is not completely understood. Nodules appear to be initiated by the presence of intermetallic compounds between Zr and Fe and Cry Zr (Cry Fe),. A debate remains as to whether these second-phase particles or associated solute depletion of matrix between these particles cause nodular nucleation. Most mechanisms assert that the location where production of atomic hydrogen (H") occurs in the oxide determines susceptibility to nodular formation.
Retention of atomic hydrogen in the oxide damages the oxide and leads to accelerated corrosion, primarily in BWRs. Because mechanisms for nodule formation and oxide damage from atomic hydrogen are not well understood, it is difficult to assess the impact of gallium. However, if gallium behaves like aluminum and increases retention of hydrogen in MOX fuel, it could impact nodular corrosion if it were present in the ZrOz protective film.
Three primary factors affect intergranular stress corrosion cracking (ISCC) of stainless steel in LWR primary water: stress, material susceptibility, and water chemistry. A fourth, radiation, has been observed to enhance ISCC by its effect on alloy sensitization and water chemistry. Because these are external to the fuel-clad assembly, gallium in MOX fuel should not affect any of these factors absent a fuel clad breach.
Given a fuel-clad breach of the size that would instigate an off-normal reactor shutdown, the global release of gallium would be extremely small in comparison with the volume of water in a 600-1200 MW LWR. Accordingly, the concentration of gallium, during the relatively short exposure time required for shutdown and after-cooling, would not be expected to affect the performance of any reactor component during the shutdown. Likewise, once the offending fuel element is removed, the residual concentration of gallium in the system would be below that which could affect reactor performance on resumption of operation. In the event of a more massive fuel-clad breach under accident conditions, there could be effects from the gallium that would add to or supersede the effects accruing from other chemical species during the accident, but little information exists by which to assess this possibility.
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GALLIUM AND FUEL PERFORMANCE: CONCLUSIONS AND RECOMMENDATIONS
The fact that the concentration of gallium in MOX fuel would be very small does not necessarily mean that effects are likely to be small to negligible. Thermochemical, kinetics, materials, and corrosion science principles must be applied to evaluate potential effects. For example, although iodine is the most deleterious fission product element in PCI, no way exists to compare gallium with iodine because no connection is known relative to a particular corrosion mechanism. After iodine was identified as the main culprit in PCI, investigators have attempted to understand the mechanism (identified as SCC) and to determine the parameters that affect it.
In the case of gallium, it has been shown that without control of the stoichiometry of the MOX fuel it is possible for either elemental gallium or Ga,O, to be present in the fuel. The temperature gradient across the fuel rod provides a potential driving force for vapor phase or solid-state transport of gallium to the fuelhlad interface, but whether it will occur is not clear. Given this set of conditions, a more detailed understanding of the gallium-oxygen phase diagram, including any suboxide phases, would allow an understanding of whether elemental gallium (in solution) is truly stable, or whether a suboxide phase forms.
0
Reactions of fission products with gallium should lead to more stable compounds than Ga,O,; although, it is possible that increased transport would occur. However, LME effects related to cadmium could be increased, and this sensitivity should be determined experimentally as discussed below. Fig. l) , and because oxygen potential increases with burnup, the potential for vapor transport will decrease with burnup.
General corrosion or alloying of the cladding with gallium or gallium oxide is not a concern because general corrosion is mass limited and the quantity of gallium present in the fuel volume is low relative to the clad volume. Thus, general corrosion could only affect the innermost surface region of the cladding.
Localized corrosion (grain boundary penetration, crack tip interactions) and liquid-metal embrittlement by gallium are possible compatibility issues that should be further investigated. Such factors as low concentrations of Ga, the limited possibility of forming liquid Ga, Ga mass transport kinetics, use of a barrier liner and stable surface coatings, all mitigate the probability that these localized corrosion interactions will occur. However, experimental data are needed to confirm these suppositions. These experiments should consider the effects of:
-- The possibility that gallium will influence water corrosion is considered remote.
Without a clad breach, gallium could only influence the sensitivity of the clad structure to stress SCC. However, the overall concentration of gallium is low, and it would have to reach the water-clad interface region by transport through the clad matrix. Some testing to demonstrate that low levels of gallium in Zircaloy cladding does not make the material subject to SCC in water should be sufficient to essentially eliminate this type of corrosion mechanism as a possibility. In the event of a breached fuel pin, a gallium compound would likely be taken into the water, but the concentration would be extremely low given the large volume of water in the primary system. Once again, some testing should be sufficient to demonstrate any possible effects on primary system components. Effects of gallium on spent fuel storage are similar to those just discussed.
Temperatures are generally lower and materials other than Zircaloy and austenitic stainless steel will have to be included; however, the low concentration of gallium, especially in the absence of a failed fuel pin, makes deleterious corrosion effects highly unlikely. Melting point "C.
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A.1.2 CHEMICAL CHARACTERISTICS
Gallium is cliemically similar to aluminum but somewhat less reactive. It forms a protective oxide surface film in air that protects it from further'oxidation. Gallium is amphoteric, but it is more acidic than aluminum. This property is used to separate galliuni from aluminum. Gallium, like aluminum, is normally trivalent, Ga t3. However, it may also be monovalent, Ga + I . The halogens Br, CI, and F react with gallium at ambient temperature. I, S , Se, Te, P, As or Sb react with hot Ga.2
At temperatures of 773-1273 K (500-1000°C) and above gallium reacts with most metals. Tungsten is one of the few metals that is unaffected by gallium.'-2 Gallium forms nine inf$rmetallic compounds with zirconium and eleven with plutonium. These compounds are sl&n in Table A 
A.1.3 NUCLEAR CHARACTERISTICS OF GALLIUM
Naturally occurring gallium is made up of 69Ga (60.1 %) and 71Ga (39.9 %). The capture cross section at 0.025 eV is 2.2 barns for 69Ga and 3.7 barns for 71Ga. There is some capture resonance structure for both nuclides between 100 eV and 10,000 eV as shown in Fig. A. 1. The capture resonance integral for 69Ga is 18.2 barns and the capture resonance integral for 71Ga is 32.2 barns.
Gallium-69 captures to "Ga, which decays to germanium-70 (70Ge) by beta decay with a 21 .l-min half-life. Germanium-70 has a capture cross section at 0.025 eV of 2.9 barns.
Gallium-71 captures to 72Ga, which decays to '2Ge by beta decay with a 14.1-h half-life. The 0.025 capture cross section of 72Ge is 0.8 barns. The capture resonance integrals for 70Ge and 72Ge are 2.5 barnes and 0.9 barns, respectively.
The fission yields of the gallium and germanium isotopes are very low compared to other fission products for both uranium and plutonium fissions. Thus, little gallium is in nonweapons-grade fuels.
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A.2 GALLIUM OXIDES
A.3 IMPURITIES
The reaction of gallium or gallium compounds with impurities occurs in competition with other materials in the fuel and the cladding.
A.3.1 HALOGEN IMPURITIES
Fluorine reacts with all material in a fuel pin. Gallium forms the gallium fluoride (GaF,). However other materials form more stable fluorides. The fission products La, Ba, or Cs, in the form of either metal or oxide will react with GaF, to form LaF,, BaF,, or CsF. The following reactions are expected:
2GaF3 + La203 -Ga203 + 2LaF3 , 2GaF3 + 3BaO -Ga203 + 3BaF, , and 2GaF3 + 3Cs20 -Ga203 + 6CsF .
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I n addition, zirconium would preferentially react with fluoride or fluorine:
4GaF3 + 3.3 -3ZrF4 + 4Ga .
Thus, any effect of a fluoride impurity would likely be because of its reactivity rather than because of the presence or absence of gallium.
Gallium reacts with the other halogens CI, Br, and I to form compounds of the types GaX, and Ga2X4, where X represents the halide. The GaX, compounds will not be stable in the presence of the fission products La, Ba ,or Cs or Zr from the cladding. The reactions would be analogous to those previously shown for the fluorides. The Ga,X, compounds can be written as
Gat' (Gat3X, ) .' No thermochemical data exist for these compounds that could be used to evaluate their stability relative to other materials. However, these halides have gallium with a valence of +1 and +3. If the oxygen potential in the fuel is such that gallium would be in the fuel as Ga,O, or a mixed oxide containing Ga+3 as is anticipated, the formation of Ga,X, would require partial reduction of Ga+, to Gat'. It is not apparent how this could occur.
Iodine and bromine are fission products. It is not likely that impurity concentrations of these elements would exceed their fission yield.
A.3.2 CHALCOGENIDE IMPURITIES
Gallium forms two types of compounds with S , Se, or Te: Gas, GaSe, or GaTe; and Ga2S3, Ga,Se,, and Ga,Te,. The atomic arrangement in the first type of compound is such that the valence of gallium is +3, the same valence as the second type of compound.
Fission product barium as the metal or oxide forms a more stable sulfide, selenide, and telluride than gallium. However, neither the rare earth fission products nor ZrO, will remove the chalcogenides from gallium. Zirconium metal would react with Ga,S3 to form zirconium sulfide.
A.3.3 REACTIONS WITH GROUP V ELEMENTS
Gallium reacts with P, As, or Sb to form Gap, GaAs, or GaSb. Gallium arsenide is a common semiconductor material. These compounds will not form by reaction of P, As or Sb with Ga,O,.
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